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The paper deals with the advisability of using dynamic operating modes of thermoelectric
microgenerators for power supply to low-power equipment. The effect of connecting plate
geometry and thermal generator dimensions on their energy characteristics is investigated. It is
established that dynamic operating modes of short-life thermoelectric power sources are more
expedient, since under certain conditions they afford an opportunity to produce twice as high
electric power compared to steady-state modes.

Key words: thermoelectric microgenerator, dynamic mode, human heat release, computer simulation.

Introduction

Using human heat for power supply to various low-power electronic devices with the aid of
thermoelectric microgenerators generates growing interest [1-6]. There are wrist watches with a
thermoelectric power source [7-13], wireless autonomous pulse meters [3, 14], electronic medical
thermometers [15-18], wrist oxymeters [19], wireless electroencephalographs [20-22], thermoelectric
microgenerators for mounting into clothes [23-26], etc. They can be short-life, such as electronic
medical thermometer with a thermoelectric power source measuring human body temperature within
several minutes. Indeed, with such devices one does not need much time to get information on human
temperature. And the sooner this information is obtained, the more efficient is thermometer operation.
Under these conditions, the use of steady-state operating modes may prove to be unjustified. Naturally,
steady-state operating mode of a thermoelectric generator after it touches human body generally
occurs in several minutes, and to measure human body temperature with electronic medical
thermometer it is enough to have several tens of seconds. Therefore, in such cases a thermoelectric
microgenerator should be used in transient operating modes that are dealt with in this paper.

1. A physical model of biological tissue with a thermoelectric microgenerator and a
heat sink

According to a physical model (Fig. 1), an area of human skin is a structure consisting of three
layers (epidermis 1, dermis 2, subcutis 3) and internal tissue 4. This structure is characterized by
thermal conductivity «;, specific heat C;, density p;, blood perfusion rate w,, blood density py,, blood
heat capacity C, and specific heat release qne due to metabolic processes (Table 1). The respective
biological tissue layers 1 — 4 are regarded as the bulk sources of heat g;, where:

0 = Operi TP - G -0y, - (T, = T), i=L.4. (1)
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The geometric dimensions of each such layer are a;, b; and ;. The temperatures at the boundaries of the
respective biological tissue layers are T, T,, Tz and T.
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Fig. 1. A physical model of biological tissue with a thermoelectric microgenerator and a heat sink:
1 — epidermis, 2 — dermis, 3 — subcutis, 4 — internal tissue, 5 — thermoelectric microgenerator, 6 — heat sink.

A thermoelectric microgenerator 5 is a rectangular bar with dimensions as, bs, Is, characterized by
thermal conductivity coefficient k. The thermoelectromotive force of thermoelectric generator is known
to be determined as [1, 2]:

E=a-N-AT, (2)
where o is the Seebeck coefficient, N is the number of thermoelectric material legs, AT is temperature
difference between the microgenerator’s upper and lower surfaces. The number of thermoelectric

material legs in the microgenerator is N = 1500 — 3000 pcs. Simulation of a thermogenerator with such
a number of elements is an intricate problem even for modern personal computers.

Table 1
Thermophysical properties of human biological tissue [27-31]

Biological tissue layers Epidermis | Dermis | Subcutis I?itsesr::I
Thickness, | (mm) 0.08 2 10 30
Specific heat, S (J-kg™-K™) 3590 3300 2500 4000
Thermal conductivity, k (W-m™-K™) 0.24 0.45 0.19 0.5
Density, p (kg-m™) 1200 1200 1000 1000
Metabolism, Qe (W-m™) 368.1 368.1 368.3 368.3
Tissue blood perfusion rate, @, (M*-s™-m™) 0 0.00125 | 0.00125 | 0.00125
Blood density, py, (kg-m™) 1060 1060 1060 1060
Blood heat capacity, C, (J-kg™*-K™) 3770 3770 3770 3770

At the same time, from formula (2) it is evident that the thermogenerator’s EMF value is mainly
influenced by temperature difference AT between its surfaces. Therefore, to reach the purpose set in
this paper, it is quite sufficient to replace a thermoelectric microgenerator having a large number of
elements by the bulk homogeneous sample of equivalent thermal conductivity k. Then, on the basis of
calculated AT, one can easily determine the microgenerator’s EMF according to formula (2).
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The thermoelectric microgenerator 5 with geometric dimensions as, bs, Is and contact surface
temperature T is located on the surface of biological tissue (epidermis 1) with temperature 7s. The
thermoelectric microgenerator 5 is in the state of heat exchange with heat sink 6 of high thermal
conductivity material with geometric dimensions ag, bg, ls and contact surface temperature 75.

Free surface of skin area (epidermis 1) is in the state of heat exchange with the environment
with temperature T3 which is taken into account by heat exchange coefficient o. The rest of free
surfaces of thermoelectric micogenerator 5 and heat sink 6 are adiabatically isolated. The specific heat
flux from the free skin surface is ge, and the specific heat flux from the internal human bodies is gs.
Skin heat exchange due to radiation and perspiration is disregarded.

As long as a physical model is an area of a four-layered biological tissue, with identical
biochemical processes occurring in adjacent layers, it can be assumed that there is no heat overflow
through the lateral surface of biological tissue (g = 0).

2. Mathematical description of the model

As long as this research aims at studying the dynamics of physical processes in a thermoelectric
microgenerator since the moment it is brought into thermal contact with the skin surface, one must
know the steady-state distribution of temperature in biological tissue in the absence of microgenerator
on its surface. Such temperature distribution should be chosen as the initial conditions in biological
tissue in the process of thermal interaction between thermoelectric microgenerator and biological
tissue. This, in turn, means that the research should be performed in two steps. At the first step it is
necessary to find the steady-state temperature distribution in biological tissue in the absence of a
microgenerator on its surface. At the second step — the dynamic temperature distribution in biological
tissue and the thermoelectric microgenerator and heat sink located on its top, assuming as the initial
conditions for biological tissue the temperature distribution found at the first step.

A general equation of heat exchange in biological tissue is as follows [27-31]:

oT
pi'C"Ezv(Ki'VT)_’_pb‘Cb‘wb.'(rb _T)+qmet.’ 3)

where i = 1...4 are corresponding layers of biological tissue, p; is the density of corresponding biological
tissue layer (kg/m°), G is specific heat of corresponding biological tissue layer (J/kg-K), py is blood
density (kg/m®), G, is specific heat of blood (J/kg-K), y; is blood perfusion rate of corresponding
biological tissue layer (m®-s™-m™), 7} is human blood temperature (°C), where T, = 37 °C, Qmey IS the
amount of metabolic heat of corresponding biological tissue layer (W/m®), T'is absolute temperature (K),
K; is thermal conductivity coefficient of corresponding biological tissue layer (W/m-K), t is time ().

The summand in the left-hand side of equation (3) is the rate of change in thermal energy
comprised in the unit volume of biological tissue. Three summands in the right-hand side of this
equation are the rate of change in thermal energy due to thermal conductivity, blood perfusion and
metabolic heat, respectively.

At the first step of research % =0, so Eq.(3) is simplified as:
V(Ki‘VT)+pb'Cb'0)b, (T, _T)+qmeti =0. 4)

Steady-state equation of heat exchange in biological tissue (4) is solved with the boundary
conditions (5) yielding the distribution T(x, y, 2)
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Z:b:a'(To -T).

(5)

=0, |a| =0, [d

x=a

where q is heat flux density, 7 is absolute temperature, Ty is ambient temperature, o is heat exchange
coefficient.

At the second step, a dynamic temperature distribution in the biological tissue is found by
solving Eq.(3) with the boundary conditions (5) and the initial temperature distribution T(x, y, ). In so
doing, in thermoelectric microgenerator and heat sink we solve a general equation of heat exchange
[1, 2, 32]:

PGy =V, V), 6)

where i =5, 6 is thermal generator and heat sink material, p; is substance density, C; is substance specific
heat, «; is thermal conductivity coefficient. The boundary conditions for Eq.(6) include adiabatic
insulation of surfaces of thermoelectric microgenerator and the initial temperature distribution
T =const = Tam,

3. Computer simulation

To study the dynamic operating modes of thermoelectric microgenerators using human heat, a
three-dimensional computer model of biological tissue was created having on its top a thermoelectric
microgenerator and a heat sink. The computer model was constructed with the aid of Comsol
Multiphysics applied program package [33] allowing simulation of thermophysical processes in
biological tissue with regard to blood circulation and metabolism.

Fig. 2. Finite element method mesh. Fig. 3. Temperature distribution in the section of human
biological tissue having on its top a thermoelectric
microgenerator and heat sink.

The distribution of temperature and heat flux density in the biological tissue, thermoelectric
microgenerator and heat sink was calculated by the finite element method (Fig. 2). According to this
method, an object under study is split into a large number of finite elements, and in each of them the
value of function is sought which satisfies given differential equations of second kind with the
respective boundary conditions. The accuracy of solving the formulated problem depends on the level
of splitting and is assured by using a large number of finite elements [33].

Obiject-oriented computer simulation was used to obtain the distributions of temperature (Fig. 3)
and heat flux density lines in human biological tissue, thermoelectric microgenerator and heat sink.
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4. Computer simulation results

Figs. 4,5 represent a dynamics of change in EMF and electric power of thermoelectric
microgenerators (with dimensions 10 x 10 mm, 15 x 15 mm, 20 x 20 mm) using human heat at ambient
temperatures 7= (20 + 36) °C with and without regard to blood circulation in biological tissue.

E.V P, mW
12 | ——20°C 5
——22°C '
1.0 bop |
1 ——26°C 4
08 ——28°C |
| —n—]Uif.: 3 |
0.6 B - |
| m}(‘:(‘ 2 4
04 _
.l \&\%E% g
00] = : 0
0 10 20 30 40 50 60 70 80 fs "0 10 20 30 40 50 60 70 80 fs
10 x 10 mm
a) d)
EV P, mW
6 - 7
——20°C
——22°C
57 6 “24°C
——26°C
4 ] 5 28°C
4 —<—3[)“'(_"
3 g
3 —— 36 2
2 )
.
0
0 10 20 30 40 50 60 70 80 &' 0 10 20 30 40 50 60 70 80 fs
15 x 15 mm
b) e)
EV P, mW
5 = 20
4 16
3 12
2 8
1 4
0 0
"0 10 20 30 40 50 60 70 80 fs 0 10 20 30 40 50 60 70 80 &4
20 x 20 mm
c) f)

Fig. 4. Dynamics of change in EMF (a, b, ¢) and electric power (d, ¢, f) of thermoelectric microgenerator without regard
to blood circulation in biological tissue: ), d) for microgenerator with dimensions 10 x 10 mm; b), e) for microgenerator
with dimensions 15 x 15 mm; c), f) for microgenerator with dimensions 20 x 20 mm.
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Fig. 5. Dynamics of change in EMF (a,b, ¢) and electric power (d, e, f) of thermoelectric microgenerator with regard to

blood circulation in biological tissue: a), d) for microgenerator with dimensions 10 x 10 mm; b), e) for microgenerator
with dimensions 15 x 15 mm,; c), f) for microgenerator with dimensions 20 x 20 mm.

Analyzing Figs. 4, 5, we see that blood circulation in biological tisue affects considerably the
energy charactertistics of thermoelectric microgenerators. Thus, for instance, for the case of a thermal
generator with dimensions 10 x 10 mm the EMF differs by a factor of 1.6, and electric power P — by a
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factor of 2.6; for the case of 15 x 15 mm the EMF differs by a factor of 1.55, and electric power P —
by a factor of 2.4; and for the case of 20 x 20 mm the EMF differs by a factor of 1.5, and electric
power P — by a factor of 2.2. Thus, with increasing dimensions of thermoelectric microgenerator, the
influence of blood circuilation in biological tissue on its energy characteristics is reduced.

5. Experimental investigations

5.1. Experimental procedure

To perform experimental investigations of the dynamic modes of thermoelectric
microgenerators, samples with dimensions 10 x 10 mm, 15x15mm, 20 x20mm and their
respective hollow copper heat sinks with pipes for pumping thermostated liquid through them were
made. Characteristics of thermoelectric microgenerators are given in Table 2. For liquid thermostating
a thermoelectric thermostat was used that allows keeping given liquid temperature to an accuracy of
+0.1°C. Thus, thermostated copper heat sinks imitate thermal effect of environment on
thermoelectric microgenerator.

As a source of heat, the surface of human skin in armpit area was used (typical zone of human
body temperature measurement).

Table 2
Characteristics of experimental samples of thermoelectric microgenerators -
Characteristics of microgenerators Sample 1 Sample 2 Sample 3
Microgenerator dimensions, mm 10 x 10 15 x 15 20 x 20
Number of legs, pcs 624 3440 2496
Electric resistance R, Q 130 2600 520
Dimensions of legs, mm 0.35x0.35%x3 02x02x3 0.35x0.35x3

Digital multimeter M3500A connected to a personal computer was used to register the
dynamics of change in the EMF of thermoelectric microgenerators within 90 seconds since the
moment of their application to skin surface. Based on the measured values of EMF E, full power P of
thermoelectric microgenerators was calculated according to expression:

5.2. Experimental results

2
-t
2-R

(7)

Fig. 6 shows a dynamics of change in the EMF and electric power of experimental
thermoelectric microgenerators at ambient temperatures T = (24 + 34) °C.

As a result of analysis of Figs. 4, 5 a feature common to all calculated curves has been revealed
that is not typical of the dynamic operating conditions of experimental thermoelectric microgenerators.
It lies in the fact that the calculated values of microgenerator energy characteristics are maximum at
the initial time instant when thermoelectric generator makes contact with skin surface.

However, in fact it is clear that characteristics of microgenerator under isothermal conditions are
equal to zero, including the moment of contact to skin surface, which is confirmed by experimental

data (Fig. 6).
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Fig. 6. Dynamics of change in the EMF (a,b, c) and electric power (d, e, f) of experimental thermoelectric
microgenerators: a), d) microgenerator with dimensions 10 x 10 mm; b), e) microgenerator with dimensions
15 x 15 mm; c), f) microgenerator with dimensions 20 x 20 mm.
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Apparently this peculiarity is due to imperfection of physical model, namely the absence from
the side of contact between thermoelectric microgenerator and skin surface of a connecting layer
which is an additional thermal capacity, resulting in reduction of thermal flux through microgenerator,
hence, microgenerator characteristics. Moreover, a more real physical model should take into account
a transient thermal layer between connecting plates and skin, however, to begin with, we will neglect
it, since it is unkown.

Therefore, the constructed physical model should be improved through account of additional
element, namely connecting layer (interlayer of POS-61 solder in the form of plates connecting
thermogenerator legs) on the side of contact between thermoelectric microgenerator and skin surface.

6. Account of connecting plates and comparison of the results

Due to a divergence between the experimental data and the results of computer simulation, a
physical model on the side of contact between thermoelectric microgenerator and surface skin was
complemented with a continuous layer of POS-61 solder, assuring connection of legs. Following that,
repated calculations of the energy characteristics of thermoelectric microgenerators were made that
confirmed the assumption on the importance of this layer. A partial case of such comparison is given
in Fig.10-11 for a thermoelectric microgenerator with dimensions 15 x 15 mm at ambient
temperature 7' = 24 °C.

EV P, mW
Ff : e e e 7

Fig. 7. Comparison of calculated and experimental results of EMF (@) and electric power (b) time dependence
for a thermoelectric microgenerator with dimensions 15 x 15 mm with regard to connecting plates.
(1 —computer simulation without regard to connecting layer;2 — computer simulation with regard
to connecting layer; 3 — experiment).

The resulting coincidence between the experiment and computer calculations without regard in
the model of a transient thermal layer between thermal generator surface and skin testifies that the
effect of this layer is minor.

As is evident from Fig.7, on the calculated curve there is an optimum whose maximum value
differs from the experimental data for EMF by 45 %, for electric power by 68 %. However, in this
case the divergence between the calculated and experimental data remains insatisfactory, which is
probably due to connecting plates geometry.
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7. Account of the effect of geometry of connecting plates and comparison of the results

As is known, technology of legs connection provides for formation on the surface of
thermoelectric microgenerators an array of plane-convex solder droplets with their subsequent
grinding. Finally, a typical connecting plate assumes a shape that can be pretty exactly described in
Fig. 8. This figure shows dimensions of connecting plates averaged from the measurements of
experimental samples of thermoelectric microgenerators 1 — 3.
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Fig. 8. Geometry of connecting plate of thermoelectric microgenerator.
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With regard to geometry of connecting plates, computer simulation yielded specified energy
characteristics of thermoelectric microgenerators, in particular, for a microgenerator with dimensions
15 x 15 mm (Fig. 9).

EV
44
3]
2]
1]
o0l
0 10 20 30 40 50 60 70 80 9004S 0 10 20 30 40 50 60 70 80 90£4S
a) b)

Fig. 9. Comparison of calculated and experimental results of EMF (a) and electric power (b) time dependence
for a thermoelectric microgenerator with dimensions 15 x 15 mm with regard to geometry
of connecting plates. (1 —experiment; 2 — computer simulation with regard to geometry of connecting layer).
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Fig.10.Time dependence of EMF (@) and electric power (b) for a thermoelectric microgenerator
with dimensions 10 x 10 mm for connecting plates of dissimilar thickness.
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The effect of connecting plate thickness (20 um, 50 um, 100 um, 200 um) on the energy
characteristics of thermoelectric microgenertaors was also investigated. As an example, Fig. 10 shows
the influence of connecting plate thickness on the EMF and power of thermoelectric microgenerator
with dimensions 10 x 10 mm at ambient temperature 7 = 24 °C.

As is evident from the plots in Fig. 10, a 10-fold change in connecting plate thickness leads to a
change in EMF and electric power by 5 % and 9 %, respectively. Thus, the effect of connecting plate
thickness on the energy characteristics of thermoelectric microgenerators is minor.

8. Typical time dependence of the electric energy of thermoelectric microgenerator in

dynamic mode
E,m]

From the curve of dynamics 100+
of electric energy storage of
thermoelectric microgenerator %4
(Fig. 11) it is seen that at the
beginning of transient process the
rate of electric energy storage is
2 times higher than several tens of
seconds. Therefore, for a rational
use of such thermoelectric |
microgenerator it is desirable to -
use special integrated -electronic B T TRl TR R W R SR W e R
circuits  with electric  voltage
stabilization and energy storage.
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Fig. 11. Dynamics of electric energy storage of thermoelectric microgenerator
with dimensions 10 x 10 mm.

9. The effect of thermoelectric microgenerator dimensions on its electric power

It is noteworthy that the work of thermoelectric microgenerator using human heat is essentially
affected by its dimensions. The value of electric power is not proportional to the area of such thermal
generator. With increasing area, its specific electric power is decreased. It is due to reduced effect of
blood circulation bringing heat to thermal generator. Therefore, apparently it is more reasonable to use
a series of thermoelectric microgenerators on given area of human body than one solid
microgenerator, since in the latter case the efficiency is reduced. Moreover, arrangement of a good
thermal contact is complicated. However, a study of this factor can be the subject of separate
investigation.

Conclusions

1. The results of investigations confirm that when using dynamic modes at the initial steps of
thermoelectric microgenerator heat-up, the released electric energy is larger than in steady-state
modes. When considering a specific model it was obtained that on achieving maximum (about 5
seconds) the value of electric power is twice that in the steady-state case, which confirms the
rationality of using a transient mode in short-life thermal generators.

2. In connection with a relatively low skin thermal conductivity and the fact that the experiment
employed thermoelectric microgenerators where the area of connecting plates is somewhat smaller
than the area of legs, the values of EMF and electric power are essentially dependent on the area of
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contacting surface. Therefore, in the manufacture of such microgenerators care should be taken that
the surface of contact between skin and thermal generator be maximum within each leg.

3. The resulting coincidence between the experiment and computer calculations with no account in the
model of transient thermal layer between thermal generator surface and skin testifies that the effect
of this layer is minor.

4. In thermoelectric microgenerators using the initial transient mode in contrast to steady-state mode it
is heat sink capacity that has a dominant role in heat removal, rather than heat exchange with the
environment. The latter is positive, since under such conditions one can use not heat sinks, but
media with maximum possible heat capacity and thermal conductivity.
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